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This  work  was  oonduetsd  at  the  Matwials  Manufaeturlng  Division  of  Wsetlxi^oiise, 
BlslrsviUe,  Penuylvaniaj  and  at  ths  Ansrioan  Brake  Sioe  CosqMuaj  Beseareh 
laboratories,  Mihwsh,  Now  Jsrssif.  Sijpifieant  eontrlbutions  were  nads  to  ths 
projsot  hj  Mr.  D.  H«  Moreno  of  Westin^ouse,  and  bp  teohnioal  personaOl  of  the 
AsMrloan  Broke  Shoe  Conpanp* 


AB3!ERA0T 


A  oQiqiarlson  vm  nnda  of  the  euifaae  quality,  dlneaaloM^  ohemlstry,  hardness, 
tensile  properties,  and  reorystaUlsation  hetaavior  of  extrusiona  produoed  on  a 
Model  l&O  Dynapsk  hli^-velooity  maohiae  and  on  a  700>ton  Loewy  hl^  speed  ex¬ 
trusion  press,  three  temperatures  vers  astahllstaed  vhloh  represented  hot  Mtak, 
odd  vozic,  and  a  oonbination  of  hot  and  odd  vortc,  hy  asking  prdlainary  extrusions 
on  the  fiyupak  naohlne.  Are  oast  billets,  with  a  nooinal  diaaeter  of  three  inohes, 
of  two  refraotory  alloys,  a  Mo-S5W4.1Zr  alloy  .uad  a  V-0.60b  alloy,  were  then  ex¬ 
truded  at  a  constant  4:1  reduotion  ratio  fron  the  sane  three  teniperatures  on  both 
nsehlnes.  the  results  of  this  work  iaiioate  that  equally  good  surfaces  can  be 
obtained  from  either  prooess  when  proper  lidarloatlon  and  die  preparation  teohnlques 
are  used]  a  lower  hot  woriclng  tesperature  can  be  used  for  high.^vdooity  extrusions] 
and,  a  lower  recrystaUisatlon  teoperature  is  obtained  in  naterial  odd  worked  on 
the  Synapak.  the  latter  fast  Indicates  that  hlgh-velooll^-extruded  aetals  retain 
a  hlg^r  degree  of  Internal  stress  than  eonventionally-extruded  ntals. 
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STERODUQTICXr 


nw  state -of -the  •«rt  of  extrudloe  metals  hu  advanced  In  recent  years  to  tbe 
point  where  strength  molybdenum  alloys  can  be  successfully  extruded  into  round 
bars  and  shapes.  Very  recently,  tungsten  alloys  slIso  have  been  extruded  with  some 
success.  The  Introduction  of  high  energy  rate  machines  la  tbe  past  few  years  has 
mode  available  a  new  tool  for  both  forging  .and  extrusion  work.  Because  of  the 
extremely  rapid  working  accoqpliahed  by  these  machines,  it  appesured  that  several 
advantages  could  be  obtained  by  using  them  for  extrudl:^  refractory  metals. 

1.  Itae  short  working  time  would  prevent  excessive  die  wear  by  dscreulng 
the  contact  time  between  refractory  metals  and  the  tooling  at  hl^^ 
temperatures . 

2.  Higher  temperatures  would  be  allowed  because  of  this  short  contact  time. 

3.  The  combination  of  rapid  woxiLlng  and  allowable  high  temperatures  would 
produce  more  favorable  conditions  for  converting  the  coarse  dendritic 
Structure  of  arc -cast  billets  to  a  completely  reorystalliaed  structure. 

The  purpose  of  this  contract  was  to  coopsure  the  quality,  dimensions,  metall¬ 
urgical  characteristics,  and  physical  properties  of  hl^pily  refractory  materials 
%dian  extruded  by  the  hl^  energy  rate  (Dyaapak)  and  the  conventional  extrusion 
process,  nils  comparison  would  then  sCLlow  a  more  knowledgeable  deoision  regarding 
which  prbeees  would  effect  the  best  oooiblnatlon  of  material  chiuraeteristlea  for  a 
particular  application.  For  this  oomparlson,  three-inch  diameter  aro-oaat  billets 
(bUlets  for  the  high-velocity  process  were  actually  machined  to  a  diameter  of 
2-7/8  tnohes)  of  a  lto-2SW-0.12r  alloy  and  a  V-0.6Cb  alloy  %iere  chosen  to  be  extruded 
by  the  two  processes  from  three  temperatures.  These  two  alloys  were  chosen  becauas 
for  these  alloys  there  presently  existe  conventional  extrusion  experience  and  bigfr 
temperature  tensile  test  data  idileb  would  aaiiat  la  the  oomperiaon.  ihe  three 
temperatures  were  to  produce,  respectively,  100)1  hot  work,  100)1  cold  work,  and 
approximately  equal  amounts  of  hot  and  o^d  work.  Furthermore,  the  three  temper¬ 
atures  were  to  be  established  by  examining  hiih'^veloeity  extrusions  and  then  the 
aame  thzme  temperatures  used  for  each  process. 

At  the  beginning  of  thle  contract,  it  was  planned  to  make  the  bigh-veloeity 
extrusions  on  a  Itodel  1210  Dynapak  emMhine.  It  soon  became  apparent,  however,  that 
the  130,000  ft.  lbs.  of  energy  of  the  maobine  could  not  extrude  a  aufflolent  volume 
of  a  three-inch  diameter  billet  to  be  evaluated.  As  a  result,  negotiations  were 
concluded  with  the  Amsrlosn  Brake  Shoe  Coq^eucy  to  use  their  larger  Model  ISLO 
Synapek  maohine  which  delivers  an  impact  energy  of  4^,000  ft.  Iba. 

A  unique  feature  of  this  investigation  was  the  fact  that  a  conatant  fairly 
amall  reduction  ratio  of  U;1  was  maintained  for  all  the  extrusiona  regEodless  of 
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the  process  or  the  teiiQterature  used.  This  permitted  e  tei.  ber  evaluation  of  the 
effect  of  teqperaturee  and  extrusion  rates  on  the  reor..\'t(lliaation  hehavior  of 
the  as-cast  structure  and  the  uniformilqr  of  vork  in  the  <octruded  structure. 


EXFBRlMDnAL  FROCXDUBB 


1.  general  e 

Ihe  general  procedure  laid  out  for  this  contract  vae  to  extrude  hy  high- 
velocity  methods  a  sufficient  nu^r  of  billets  to  establish  three  teqperatures 
that  would  produce  100^  hot  work*  100)1  cold  work,  and  an  intermediate  structure. 

^0  as-oast  billets  would  then  be  extruAed  at  each  of  these  tenperatures  on  each 
of  two  machines:  a  Qynapak  machine  and  a  conventional  extrusion  press. 

Hoiybdenum  Alloy 

A  total  of  nineteen  extrusions  were  made  for  thin  phase  of  the  contract. 

Seven  base -information  extrusions  were  made  by  hlgh-veloci'ty  techniques#  one  of 
which  was  subsequently  used  for  a  program  extrusion.  Five  program  extrusions  were 
made  on  the  lynapak  and  seven  program  extrusions  were  made  on  a  conventional  ex¬ 
trusion  press .  One  of  the  latter  was  made  merely  to  eatablish  the  operating 
eharacteristica  of  the  extrusion  press  and  instrumants. 

TungethAjlloy 

A  total  of  nineteen  extrusions  were  made  for  this  phase  of  the  contract. 

Six  billets  were  used  for  the  base-information  woric  on  the  high-velocity  machine. 

Ho  base-information  press  extrusions  were  made#  but  the  Infoymation  from  the  molyb¬ 
denum  press  extrusloaB  WM  used  to  assist  in  this  work.  Six  Dynapsk  extrusions 
and  seven  press  extrusions  were  then  made  for  the  comparison,  the  extra  press 
extrusion  was  mads  to  replaoe  one  which  required  a  long  transfer  time  from  furnace 
to  press. 

2.  Billet  Preparation 

Molybdenum  Alloy 

The  billets  for  this  part  of  the  contract  were  obtained  from  eight  vaouum-aro- 
cast  ingots  melted  at  the  Westinihoose  Materials  Manufacturing  Division#  BlairsviUc^ 
Pennsylvania.  Bie  elsotrods  material  was  purchased  from  the  general  Ueotrlo  Com¬ 
pany  as  prehlended  and  sintersd  bars  measuring  nproximstoly  two  inohes  in  disaster 
by  2b  to  27  inohae  in  length,  looh  bar  had  a  l/6-inoh  dlamstsr  oorsd  hols  in  the 
center  extending  the  full  length  of  the  bar.  Buh  end  of  each  bar  was  drilled  and 
tapped  to  provide  a  female  thread  3/4  Inshes  x  BO  x  1-1/8  inohee  deep,  nvee  hare 
were  then  joined  by  a  stud  to  form  a  finished  electrode  8o  to  84  inohes  long. 

Zirconium  wae  added  by  inserting  the  proper  amount  of  0.076-inoh  diameter 
airoonlum  wire  through  the  oozed  hole  and  extending  3/8  inches  beyond  one  end. 

!Che  eleotrodea  were  melted  into  3-l/2-ix»h  diameter  copper  molds  with  approximately 
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3^00  amperes  and  28  volts.  Malting  tine  was  21  minutes  for  an  Ingot  22  Inches 
long. 

I  After  the  hot  top  and  bottom  sections  of  each  Ingot  vere  removed,  a  1/8- 

i  inch  slice  vaa  out  from  the  top  and  bottom  ends  and  eanpled  for  chemical  (uialyals . 

i  Such  ingot  vaa  then  machined  to  3.00  Inches  in  diameter  and  ultrasonically  tested, 

j  Further  sectioning  of  the  ingots  is  indicated  In  Figure  1.  in  some  oases,  four 

I  three-lnoh  lengths  vere  obtained.  Sioae  ingots  used  to  provide  high-velocity  ex¬ 

trusion  billets  vere  further  machined  to  2.873  inches  In  diameter.  The  3-1/2  inch 
!  length  shcvn  in  the  sketch  vas  used  for  a  different  program.  A  120^  chamfer  was 
j  machined  on  each  billet  1/4  inch  back  from  the  top  end.  Hardness  readings  vere 

i  taken  on  the  top  and  bottom  ends  of  each  billet.  Finally,  a  glass  lubricant  vas 

sprayed  onto  the  surface  of  the  material  to  a  depth  of  0.010  to  0.015  Inch. 

I 

The  dimensions,  chemistry  and  hardness  of  the  as -oast  Ingots  are  presented 
in  Table  1.  Chemical  analyses  wexe  made  at  the  Materials  Manufacturing  Division. 

An  indication  of  the  homogeneity  of  the  as-cast  ingots  can  be  seen  in  Figure  2 
'  vhleh  shows  four  typical  transverse  macrographs  and  one  longitudinEd  section.  It 
also  shows  the  typical  mlorostrueture  of  the  as-cast  material. 

Tungsten  Alloy 

The  billets  for  this  portion  of  the  contract  were  purchased  from  the  Refracto- 
met  Division  of  the  Universal  Cyclops  Steel  Corporation.  Bach  ingot  vas  maohlned 
at  universal  Cyclops  to  3 <00  inches  in  diameter  and  was  ultrasonically  tested. 

A  120°  chamfer,  1/4-inch  back  from  the  top  end,  vaa  edso  machined  on  each 
billet  at  universal  Cyclops.  Hardness  readings  were  taken  on  the  top  and  the 
bottom  end  at  the  edge  and  mid-radius  positions.  Finally,  a  glass  lubricant  vas 
sprayed  onto  the  surface  of  the  material  to  a  depth  of  0.010  to  0.013  inch  on  the 
radius. 

The  dimensions,  chemistry,  and  hardness  of  the  as-cast  ingots  are  presented 
in  Tkble  2.  The  anises  shown  are  those  reported  by  universal  Cyclops.  The 
homogeneity  of  the  as -east  ingot  structure  can  be  seen  in  Figure  3  which  shows 
typiesd  longitudinal  mlerostruoture  (lOOX)  and  transverse  maorostxvoture  (ix)  of 
the  as -east  tungsten-colusfbium  alloy  ixi^t. 

3.  Machines  and  Tools 


The  same  equipment  was  used  for  both  the  molybdenum  alloy  extrusions  and  the 
tungsten  alloy  extrusions.  Ihe  two  machines  used  for  this  woxti  (Figures  4  and  3) 
vere  a  700-ton  loevy  hl^  speed  press  and  a  Model  I810  Dynapak  maohine  manufactured 
by  the  Convair  Division  of  the  Oeneral  Dynamics  Corporation.  The  Loewy  press  can 
deliver  an  effective  constant  force  of  600  tons  at  a  speed  of  l4  inches  per  second, 
which  is  higher  than  other  conventional  presses.  In  contrast  the  Model  I810  Dynap^ 
machine  delivers  a  maximum  ingtaet  energy  of  430,000  foot-pounds  at  an  Initial  speed 
of  approximately  900  inches  per  second.  No  special  tooling  was  used  on  the  conven¬ 
tional  press  and  the  tooling  used, on  the  high-velocity  machine  was  similar  in  de¬ 
sign  to  that  described  by  Reimann^^'.  The  diameter  of  the  container  on  the  press 
vas  3-1/8  inches  and  that  used  for  the  high-velocity  machine  vas  3  inches. 
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All  dies  were  made  from  H13  tool  ateel  and  were  provided  with  a  120°  entrance  angle. 
The  dies  for  both  the  hl^-veloeity  and  conventional  extrusions  of  the  tungsten 
alloy  were  coated  with  a  0.020-  to  0.0S3-lneh  thick  layer  of  zlrconla  by  the  plasma 
flams  spray  technique.  The  coating  was  underlayed  with  a  0.003-  to  0.003 -Inch 
thick  layer  of  a  nickel -chromium  alloy.  Unooated  dies  wexe  used  for  all  the  molyb¬ 
denum  extruslonB. 

4.  Heating  Procedures 

All  bllleta  were  heated  In  specially  constructed  Induction  heating  furnaces. 

The  furnace  used  at  the  Arnsrlcan  Brake  Shoe  facilities  can  be  seen  in  Figure  3 
and  was  similar  in  design  to  the  one  used  at  the  Vestin^use  facility.  ?he  fur¬ 
nace  conslata  of  a  brass  chamber «  approximately  12  by  12  by  18  Inches,  which  Is 
water  cooled  by  copper  tubing  braaed  to  the  outside.  Sight  ports  are  provided  at 
the  top  and  side  to  observe  the  billet  and  to  obtain  optical  teniperature  readings. 
Inert  gas  la  admitted  to  the  chaaibar  throu^  copper  tubing  at  the  bottom  of  the 
furnace  and,  If  desired,  at  the  aij^t  ports.  The  gas  outlet  Is  at  the  t<^  of  the 
chandler.  Billets  are  supported  on  molybdenum  pins  which  are  placed  into  holes  In 
a  water  cooled  copper  plate  at  the  bottom  of  the  chamber.  This  copper  plate  con¬ 
tains  an  ''0"-rlng  seal  and  Is  attached  to  an  air  cylinder  which  raises  or  lowers 
the  plate. 

The  Induction  coll  for  the  hlgh-veloclty  billets  was  made  by  winding  copper 
tubing  Into  a  coil  3  Inohes  I.D.  by  6  Inches  long.  The  power  supply  was  a  300  KW 
generator  operating  at  960  cycles.  Suitable  capacitors  were  available  to  balance 
the  load.  The  Induction  coil  for  the  press  extrusion  billets  was  made  by  winding 
copper  tubing  Into  a  coil  3-1/2  Inohes  I.O.  by  8  Inches  long.  This  power  supply 
was  a  100  KH  generator  operating  at  3000  cycles.  Again,  suitable  capacitors  were 
available  to  balanoe  the  load.  The  water-cooled  power  leads  to  the  coll  entered 
the  back  of  the  fvimaee  chamber  and  were  Insulated  from  the  ohacber  by  Mieeurta 
blocks.  Both  oolis  were  coated  on  the  Inside  with  a  thin  layer  of  refractory 
cement. 

The  temperature  of  the  billets  was  raised  fairly  slowly:  first  to  approx¬ 
imately  1200  -  1300^,  where  it  was  held  for  several  minutes,  then  to  2200  -  2300°F, 
and  again  held  several  minutes.  Finally,  the  temperature  was  raised  to  the  desired 
level  and  held  for  a  minimum  of  three  minutes.  Invsorlably,  the  desired  temperature 
was  exceeded  during  this  time  and  the  proper  adjustments  were  made  to  achieve  cor¬ 
rect  billet  conditions. 

All  tenperature  measurements  except  for  those  pa  the  first  base -information 
hl^ -velocity  billet  ipf  molybdenum  alloy,  which  were  made  with  an  optical  pyrometer, 
were  made  with  a  tungsten  -  100^  rhenium  thermocouple.  This  thermocouple  was  placed 
Into  a  3/16-lnoh  diameter,  3/8-inah  deep  hole  In  the  billet,  at  approximately  the 
ald-radlus  position. 

Two  thermocouples  were  used  to  measure  temperature  on  each  billet.  Temperature 
laeasuxemsnts  were  made  with  a  Leeds  &  Rorthrup  millivolt  potentiometer  and  a  milli¬ 
volt  vs  temperature  chart  supplied  by  the  thermocouple  manufacturer,  Minneapolis 
Honeywell  Regulator  Company. 
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([be  tine  required  to  transfer  the  bUlets  from  the  heating  furnace  to  either 
the  hl^-veloclty  msehlne  or  the  press  was  recorded  and  Is  given  In  Qhibles  No.  3, 

4,  5  and  6.  fhls  traxisfer  time  Is  the  elapsed  tine  from  the  moment  the  furnace 
vas  shut  off  to  the  moment  the  extrusion  process  started.  The  relative  position 
of  the  fuxmce  and  maohlxie  Is  shown  In  Figures  k  and  $  for  the  extrusion  press  and 
high-veloolty  machine,  respectively. 

5.  Extrusion  Parameters 


3be  extrusion  paransters  used  for  the  base -Information  hl|^>veloclty  extrusion 
of  the  molybdenum  alloy  and  the  tungsten  alloy  are  shown  on  (DableB  3  and  3,  re- 
speotlvely.  Note  that  these  extrusions  were  made  from  approximately  3-l&eh  long 
billets  In  the  molybdenum  alloy  and  approximately  4>lnoh  long  billets  In  the  tungsten 
alloy.  Ibe  extrusion  parameters  for  the  program  extrusions  (for  both  extrusion  pro¬ 
cesses)  are  shown  in  Thbles  3«  5  and  6  for  molybdenum  and  tungsten,  respectively. 

Both  the  hl^-velocity  and  press  program  extrusions  were  made  from  approximately 
4-lnoh  long  billets . 

The  only  parameter  that  was  suhstaatlally  varied  during  the  program  was  the 
extrusion  temperature.  Qbe  other  parameters  such  as  die  condition,  die  steel,  and 
lubrication  are  merely  listed  for  oomipleteneBs  and  were  not  evaluated  for  their 
effect  on  either  process. 

6.  Sampling  and  Evaluation  Techniques 

ne  •‘"T'  ***g  technique  used  for  both  the  molybdenum  alloy  and  the  tungsten 
alloy  for  the  program  press  extrusions  and  hi|[h-velooity  extrusions  is  shown  in  • 
Figure  6.  file  difference  In  technique  vas  necessary  because  of  the  shortness  of 
the  high-velocity  extrusims.  A  slight  vauriatlon  vas  made  for  the  tungsten  ex¬ 
trusions  in  that  slices  "A”  and  "B"  were  reversed.  Ibis  vas  done  to  obtain  a 
mlorographlo  sample  sufficiently  far  from  the  nose  to  obtain  worked  material.  All 
samples  for  aloxographlc  examination  were  obtained  by  cutting  the  indicated  siloes 
Into  quarters.  One  quarter  was  then  examined  on  the  longitudinal  face  from  the 
center  to  the  surface  of  the  extrusion.  Qxygsn  and  nitrogsn  samples  were  obtained 
by  cutting  two  l/4-inoh  squares  from  the  center  of  the  Indicated  1/6-lnoh  thick 
siloes  and  were  enalysed  by  the  vacuum  extraction  method.  Traneveree  hazdnese 
readings  vers  taken  on  the  "D"  alloe  after  grinding  the  faces  ssxxith  and  flat, 
fills  slice  was  then  quartered  to  provide  one  of  the  mlorographs  above,  a  mloxo- 
hardnesa  sample,  which  was  mounted  and  polished  for  BFH  readings,  and  two  quarters 
for  reorystoUleatlon  samples.  Four  more  recryetal  1  Isatlon  samplea  were  obtained 
by  quartering  the  "E"  slices.  For  the  molybdenum  alloy,  these  six  samples  were 
vacuum  axuealed  for  one  hour  at  2300^,  20009?,  2T009?,  2d009f,  2gooP?,  or  300CPF. 
For  the  tung^'en  alloy,  five  reorystalllzation  samplea  were  vacuum  annealed  for  one 
hour  at  2700°F,  aSSO^F,  SOOQOF,  or  3yx9?.  All  the  recryatalllsatlon 

samples  were  subsequently  examined  for  obangea  in  microstruoture . 

Tensile  specimens  were  obtained  by  msking  a  longitudinal  cut  through  the  sec¬ 
tion  indicated.  For  the  molybdenum  alloy,  all  six  of  the  press  extrusiona  thus 
provided  four  tensile  specimens  each.  Only  two  hlgh-veloel^  extrusions,  however, 
were  long  enough  to  provide  enough  material  for  four  tensile  apeolmens.  TSnsUe 
apeelmens  used  for  room  temperature  testa  were  maebined  into  standard  0.337-iAeh 
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dlButer  speoinens  with  threaded  ende.  Ensile  Bpecloeaa  used  for  2000^  tests 
vere  ■aehlaed  Into  special  button  head  speoinens  with  a  0.397-*lnoh  dianeter  gauge 
seotion  1-5/8  inches  long.  Half  of  the  tensile  speoinens  vere  tested  in  the  as- 
extruded  condition  at  room  teqperature  and  at  2000^.  Die  remaining  speoiaexu 
vere  heat  treated  at  3000^  for  one  hour.  Oils  teiqperature  was  chosen  because 
results  of  the  work  described  below  indicated  that  3000^  would  reorystalllze  the 
cold  worked  hi^-velooity  extrusions.  5Vo  tensile  speoinens  were  obtained  from  an 
as-cast  billet.  One  was  tested  at  room  teoperature  and  the  other  at  2000^. 

For  the  tungsten  alloy,  all  seven  press  extrusions  provided  four  tensile 
speoinens  each.  All  hlc^-velooity  extrusionB  provided  oaly  two  tensile  speoimens. 
liensile  test  specimens  used  for  roon  temperature  tests  were  naohlned  into  special 
button  head  speoinens  with  a  0.357-laeh  dianeter  gauge  section  1-1/2  inehee  long. 
Tensile  speelnena  used  for  3000^  were  also  naohlned  Into  special  button  head 
speclnens  with  a  0.233-tnoh  dianeter  gauge  seotion  1-1/2  Inohes  long.  Olf  of  the 
tensile  test  specimens  vere  tested  in  the  as-extruded  coodltlon  at  roon  teegerature 
and  at  3000^.  The  renalning  tensile  test  specimens  were  heat  treated  (vacuum 
annealed)  at  30(XfiF  for  one  hour.  This  tesgerature  was  chosen  because  the  results 
of  the  work  described  below  indicated  that  30CX)^  would  reciystalliae  the  cold 
worked  hic^-veloeity  extrusions.  All  elevated  teqperature  tensile  teets  were  run 
at  the  Ferfomance  laboratory  of  the  Vestinghouae  Central  Technic^  Service  Depart¬ 
ment  and  the  testing  equlpamnt  is  anply  described  by  Vandergrift.(S) 

All  the  progran  extrusions  vere  photographed  in  the  as-extruded  candltioD 
and  visually  exanined  for  surface  quality. 


FBAS8  X  MCLTBIXmiK  ALLOT  XmUSIOHS 
rssuufb 


Base  afomstion  Kxtrusions 

Since  the  major  purpose  of  this  part  of  the  investigation  was  to  establish 
three  teegeratures  ^oh  would  produce,  respectively,  100%  hot  work,  lOOjl  cold 
work,  and  a  structure  approxinately  30$  reoryetalliaed,  the  evaluatioa  of  these 
base -information  extrusions  was  limited  to  surface  quality,  dlnensicns,  and  mlero- 
struoture. 

Die  surface  of  the  extrusiou  can  be  sees'  in  the  photographs  in  Figures  7 
and  8.  In  genexnl,  cQl  the  surfaces  were  smooth  and  contained  few,  if  any,  long¬ 
itudinal  strlations  or  grooves.  All  the  extrusions  had  nose  bursts,  but  none 
had  any  tears  or  cracks  along  the  length.  ^ 

The  variations  in  dimensions  are  presented  in  Table  7.  In  one  case,  the 
diameter  of  the  bar  varied  as  nuoh  as  0.009  inch  from  the  nose  end  to  the  tail  end. 
Tbs  lengths  and  'volusms  increased  with  increasing  tengerature,  as  did  the  para¬ 
meter  volume  per  1000  foot-poun^.  Little  or  no  data  exist  for  the  parameter  for 
this  molybdenum  cLlloy.  Kline (3)  reported  a  value  of  0.053  cubic  inches  per  1000 
foot-pounds  for  unalloyed  arc -oast  tungsten  Dynapak-extruded  from  3500°F  at  a  re¬ 
duction  ratio  of  h:l.  On  the  assuogtion  that  molybdenum  would  extrude  more  easily 
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than  tungstea  uoder  tbe  same  ooBdltlona,  the  paranieter  values  above  axe  slightly 
lower  than  would  be  elected  •  Itae  differences  here  might  well  be  ei^lained  on 
the  basis  of  the  alloy,  lubrication  differences,  and  netallurgieal  differences  in 
the  structure. 

Fhotomicrographs  of  four  of  the  base -information  Synapak  extrusions  are  shown 
in  Figure  9>  Qmi  miorostructure  of  the  bar  Dynapah -extruded  from  284o<’F  shows 
approximately  10^  reorystallisation.  Qiia  tenverature  was,  therefore,  too  high  for 
the  cold  working  tempenture  and  too  low  for  the  intermediate  temperature.  A  bar 
extruded  from  3lt6o°F  had  a  completely  recrystallized  structure  of  fine  equlaxed 
grains.  Farther  examination  of  this  micrograph,  however,  revealed  a  thin  layer  of 
cold  worthed  material  at  the  outer  surface  of  the  bar.  To  remove  this  layer,  but  at 
the  same  time  not  use  an  excessively  high  tengperature,  3^°F  ms  chosen  as  the  hot 
wolfing  temperature.  Bar  number  807Q-6,  extruded  from  27QO^Ff  showed  a  completely 
cold  wortted  structure  throughout  the  cross  section  of  the  bar.  This  temperature 
was  therefore  chosen  as  the  cold  working  temperature.  The  bar  extruded  at  298$°F 
had  a  surprisingly  large  amount  of  recrystalllzation  (80j(-90j().  On  the  basis  of 
the  Dklcrostruoture  of  the  bar  extruded  from  2840^  and  the  one  above,  29^°F  was 
chosen  as  the  intermediate  teiqperature. 

Program  Bxtrueions 

flurface  Bvaluation 


Riotographs  of  the  six  press  extrusions  and  six  hi^-veloei^  extrusiens  can 
be  seen  la  Figures  10  through  15.  Althoui^  some  surface  derail  is  lost  la  the 
reproduction,  the  rough  surface  on  the  press  extrusionB  is  iusediately  apparent. 
This  roui^uess  was  due  chiefly  to  excessive  die  wear  and  the  sidasequent  pick-up 
of  die  material  on  the  bsur  surface.  All  of  the  press  extrusions  had  transverse 
tears  and  cracks  on  the  surface,  and  all  bad  nose  bursts  which  appeared  to  be 
worse  in  the  extrusions  made  from  2700^.  The  two  extrusions  made  from  270OOF  bad 
approximately  2  inches  of  fairly  smooth  surface  at  the  nose  end.  Although  all  the 
press  extrusions  had  poor  surfaces,  they  could  be  rated  as  follows:  3^^F,  the 
best}  29^°F,  intermediate;  and  2700°F,  the  worst. 

Ibe  surface  evaluation  of  the  Oynapak  extrusions  (see  Figures  I3,  Ik  and  13) 
revealed  no  eignificant  difference  in  the  surface  quality  of  the  extrusions  made 
from  the  three  different  temperatures  nor  any  difference  along  the  length  of  the 
bar.  All  the  surfaces  were  fairly  smooth  except  for  areas  speckled  with  the  glass 
lubricant,  and  there  wsus  no  evidence  of  die  material  pick-up.  All  the  bars  had 
nose  bursts  but  none  had  any  transverse  cracks.  There  were  evidences  of  some  long¬ 
itudinal  grooves  which  spiralled  slightly  along  the  length.  There  was  no  pipe 
in  any  any  of  the  extrusions  since  none  of  the  billets  were  completely  extruded. 

Dimensions 


The  variations  in  dimensions  of  the  Oynapak-and  press -extruded  bars  and  the 
required  extrusion  energies  are  shown,  respectively,  in  Thbles  7  and  8.  The  dia¬ 
meters  of  the  press -extruded  bears  varied  greatly  along  the  length  and,  in  one  ease, 
the  difference  was  as  much  as  O.190  inch.  This  large  a  diameter  change  was  un¬ 
doubtedly  caused  by  excessive  die  wash  which  resulted  from  incomplete  lubrication 
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during  the  extrusion  process.  In  addition,  oaieh  of  the  die  material  seized  to  the 
extruded  hw  and  flutter  enlarged  the  diameter* 

Om  diameters  of  the  Synapak-extruded  bars,  shown  In  Table  7,  varied  less 
along  the  length  than  did  the  press -extruded  baurs.  In  only  one  case  was  the  diff¬ 
erence  between  the  nose  and  tall  ends  as  much  as  O.OI6  Inch.  Note  also,  that  In 
several  eases  the  diameter  was  smaller  in  the  center  of  the  length  than  at  either 
the  nose  or  tall. 


K  values  for  the  press  extrusions  were  calculated  from  the  equation, 

P  «  K  In  ^  , 

h 

where  Ao  is  the  nominal  reduction  ratio  and  P  Is  the  peak  extrusion  pressure. 

Ai 

(Actually,  the  SR-U  pressure  cell  and  Brush  oscillograph  unit  that  was  used  to 
measure  the  force  did  not  record  a  peak  In  the  true  sense.  Instead,  the  work 
"peak"  here  means  the  hl^st  force  that  was  recorded  and  which  usually  occurred 
at  the  beginning  of  the  extrusion  process,  m  only  a  few  cases  did  this  peak 
force  differ  significantly  from  the  average  force  exerted  during  the  extrusion 
process.)  No  K  value  was  obtained  for  billet  No.  80  73-^  because  of  a  malfunction 
of  the  inatrument.  Ohe  K  value  for  billet  No.  80  7U-$  is  listed  as  an  estimated 
value  because,  the  press  was  not  'tettomed”  after  this  extrusion  and,  as  a  result, 
an  accurate  force  value  was  not  obtained  with  which  to  calibrate  the  recorded  curve, 
m  general,  the  K  values  varied  as  expected  with  temperature,  and  values  in  the.. . 
range  of  60, 000  to  90,000  pal  are  in  line  with  data  obtained  by  Tooibaugh,  et  al'*^' 
who  reported  a  value  near  100,000  psl  for  idils  alloy  and  similar  extrusion  para¬ 
meters. 


K  values  for  the  Oynapak  extrusions  ware  calculated  from  the  equation, 

E  -  X  In  ^  , 

SI  S 

where  E  Is  the  iopaot  energy  delivered  by  the  machine,  S  is  the  distance  the  metal 
moves,  A  Is  the  cross-sectional  area  and  ^  la  the  nominal  reduction  ratio.  S  in 

Al 

this  case  Is  the  theoretical  energy  obtained  from  the  adiabatic  expansion  of  the 
compressed  gas  rather  than  the  actual  energy  and  Is,  therefore,  necessarily  higher 
than  the  actual  value.  However,  the  K  value  thus  obtained  does  allow  a  comparison 
of  the  two  processes.  Note  than  the  K  values  for  the  Dynapak  prooess  are  consid¬ 
erably  higher  than  those  calculated  for  the  conventional  extrusion  process. 

/ 

Figure  16  shows  more  clearly  the  coopeurlsod  of  the  K  values  obtained  from  each 
process.  In  this  ease,  the  logarithm  of  the  K  Value  Is  plotted  against  the  recip¬ 
rocal  of  the  extrusion  teiqperature.  The  linear  relationship  shown  in  this  figure 
suggests  that  an  equation  of  the  type, 

K  ••  Ce  exp*  V 

HF 

holds  for  these  processes. 
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file  lengths  of  the  hexs  extruded  from  both  2^QQPf  and  2950^  on  the  B^pak 
were  considerably  shorter  than  expected  from  previous  work,  fills  was  caused  by  a 
change  In  the  container  Just  previous  to  the  program  runs.  Bather  than  0.00$-lnch 
clearanoe«  there  was  a  0.04s-lneh  clearance  between  the  punch  and  container,  fills 
difference  allowed  spreading  and  back  extruding  of  the  grailhlte  follow  blocks,  with 
a  subsequent  increase  In  friction  along  the  container  walls  and  reduction  In  the 
energy  available  for  extruding  the  billet.  As  a  result  the  parameter  volume  per 
1000  foot-pounds  was  lower  for  the  program  extrusions  than  for  the  base -inf onaatlon 
extrusions.  In  eiddltlon,  the  die  bore  size  was  sli^tly  larger,  which  reduced  the 
reduction  ratio  and  decreased  the  length. 

file  difference  In  die  wear  that  occurred  during  press  extruding  and  Synapak 
extruding  can  best  be  demonstrated  in  Thble  9  which  shows  the  die  bore  dlamster 
before  and  after  extruding,  file  excessive  die  wear  that  occurred  during  press  ex¬ 
truding  can  be  seen  in  Figure  17. 

Chemistry 

file  results  of  the  oxygen  and  nitrogen  analyses  taken  from  the  nose  and  tall 
ends  of  the  extrusion  are  shown  In  Thbles  10  and  11.  All  the  values  are  low  and 
show  no  significant  difference  between  the  ends  of  the  bars.  Hl^r  oxygen  con¬ 
tents  are  shown  for  the  Synapak-extruded  bars,  but  these  small  differences  can 
possibly  be  explained  on  the  basis  of  original  Ingot  chemistry  or  by  laaoouraeiea 
in  analyses  performed  at  low  Interstitial  levels. 

Berdness 

fitw  results  of  the  hardness  determinations  for  the  hlgh^locity  and  press  ex¬ 
trusions  are  shown  in  I&bles'lO  and  11,  respectively.  Both  the  transverse  and 
longitudinal  sections  show  a  decrease  in  hardness  with  increasing  extrusion  tesg- 
erature.  fits  transverse  hardness  of  the  Dynapak  extrusions  made  from  3S00^F  and 
2950^F  are  sllcjhtly  lower  than  the  press  extrusions  made  from  these  teoperatures 
and  can  be  explained  by  the  microstrueture  discussed  below,  fits  difference  in 
hardness  between  the  center  and  the  edge  of  both  types  of  extrusions  can  also  be 
explained  by  the  microstrueture,  luad  this  Indicates  a  greater  asnunt  of  working  at 
the  edge  than  in  the  center,  fills  fact  may  only  be  significant  for  small  extrusion 
ratios  such  as  the  4:1  ratio  used  in  this  woik. 

Tensile  Properties 

Ibe  room  temperature  tensile  test  results  for  the  as -extruded  material.  Tables 
12  and  13,  indicate  higher  strengths  for  the  press -extruded  bare  than  for  the 
Dynapak-extruded  bars  extruded  from  the  same  temperature.  Room-temperature  tensile 
strengths  of  62,300  psi  and  92,100  pel  shown  for  the  material  •press-extruded  from 
2700OF  are  slightly  lower  than  expected  for  this  alloy.  For  example,  DMIC  Report 
l4ot3)  Indicates  an  ultimate  strength  of  103,000  psi  for  a  l/2-inch  diameter  rolled 
bar  in  the  recrystallized  condition,  file  room  temperature  tensile  test  results  for 
the  annealed  material  also  show  higher  strengths  for  the  press -extruded  bsirs  than 
the  Dynapak-extruded  bars.  It  is  interesting  to  note  that  the  strength  values  of  the 
annealed  material  are  higher  than  those  of  the  as -extruded  material  for  both  the 
Dynapak-  and  the  press -extruded  bars.  This  fact  can  possibly  be  explained  by  the 
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increased  ductility  of  the  annealed  material  vhioh  allows  the  tensile  speeiiaena  to 
reach  hlf^er  strength  levels  hefore  fracture  oeeursi  Since  many  of  the  speoioenB 
hrcke  in  the  threads,  all  the  values  are  subject  to  duestlon  and  no  valid  com¬ 
parisons  ean  he  made. 

9ie  button  head  speeimen  used  for  the  2000^  tensile  tests  did  not  break  out 
of  the  gauge  length  and  a  more  valid  ooqperlson  can  be  made.  In  this  oase,  however, 
little  difference  is  shown  between  the  Qynspak-extruded  bars  and  the  press -extruded 
bars  in  either  the  as -extruded  condition  or  the  annealed  eondition  when  extruded 
from  the  same  tenpenture.  Ultimate  strengths  in  the  range  44,300  to  ^,000  psi 
for  the  press -extruded  material  appear  to  fall  in  between  data  given  in  IMXC  Report 
l4o  for  recrystalllzed  material  at  1600^  and  2400**?.  Figure  IB  shows  the  2000°F 
tensile  data  for  as -extruded  material  as  a  function  of  hardness  and  shows  more 
clearly  the  similarity  of  the  tensile  properties  of  Qynapcdc-  and  press -extruded 
material  when  extruded  from  the  sane  temperature.  Kote  also,  however,  that  at  the 
same  strength  level,  the  press -extruded  material  is  harder}  or,  conversely,  at  the 
same  hardness  level,  the  Dynapak-extruded  material  is  stronger. 

Microstrueture 

Riotomiorographa  taken  at  the  center  of  the  cross  section  of  the  six  press 
extrusions  and  six  Oynapak  extrusions  are  shown,  respaetlvsly,  in  Figures  19  and  21. 
It  le  clear,  from  Figure  19,  that  the  three  chosen  extrusion  teiqperstures  did  not 
produce  the  three  desired  types  of  odcroetructure  la  the  press  extrusions.  A  much 
more  cold  worked  structure  was  obtained  than  indioated  by  the  evaluation  of  the 
base -information  Dynapak  extrusion.  Sven  at  3500^,  the  press  extruded  material 
was  only  approximately  y/ft  reorystalllaed. 

de  photomicrographs  of  the  Dynapak  extrusions  in  Figure  21,  however,  do  show 
the  deslnd  structures.  Material  extruded  from  3900°F  consists  of  oonpletely  re¬ 
crystallised  fine  equlaxed  grains.  Material  extruded  from  29?0°F  contains  a  mix¬ 
ture  of  cold  worked  and  reorystaUlzed  grains,  and  material  extruded  from  2700°F 
consists  of  a  completely  cold  worked  structure. 

Figure  20  shows  three  photomicrographs  of  press -extruded  material.  Fhoto- 
mlorographa  "A"  and  "B"  were  taken  at  the  tall  end  within  1  inch  of  the  bottom 
of  the  pipe  of  one  of  the  extrusions  made  from  2700^.  Fbotomiorograph  "A",  which 
was  taken  near  the  surface,  shows  the  expected  cold  worked  structure.  Ehotomloro- 
graph  “B",  on  the  other  hand,  shows  material  at  the  center  of  the  cross  seotlon. 
Here  is  revealed  undeformed  as -oast  grains  (see  Figure  2)  which  indicate  that  some 
difficulties  might  arise  when  using  small  reduction  ratios,  i.e.,  the  surface  of 
the  extrusion  is  more  highly  worked  than  the  center,  and  some  portion  of  the  tail 
end  is  not  worked  at  all.  Mlorographs  taken  at  the  nose  end  also  revealed  areas 
of  undeformed  as-cast  grains.  Riotomlorograpb  "C"  was  taken  at  to  show  the 
partial  recrystallisation  that  did  occur  in  nmterisl  press -extruded  from  29^^. 

Figure  22  shows  two  photomicrographs  of  Dynapak-extruded  bars.  Riotomlcro- 
grapb  "A",  which  was  taken  near  the  surface  of  the  same  cross -seotlon  shown  for 
this  bar  In  Figure  21,  again  reveals  the  increased  amount  of  cold  work  near  the 
surface  of  the  bars  which  accounts  for  the  increased  hardness  values  shown  in 
lable  10.  Fhotomicrograph  "B"  is  presented  to  show  the  thin  layer  of  cold  worked 
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material  at  the  surface  of  material  Oynapak-extruded  from  3500^  and  the  sharp 
traoaltion  from  oold  worked  material  to  coipletely  recrystalllzed  material.  This 
thin  layer  of  cold  worked  material  results  from  the  loss  of  temperature  to  the 
tooling. 

Recrystalllaatlon  Evaluation 

All  specimens,  from  the  press-extruded  and  Pynapak-extruded  bars,  which  were 
heat  treat^  for  one  hour  were  examined  for  mlorostructure .  ^  most  slgnlflcaiLt 
results  of  this  evaluation  are  shown  in  Figure  23  for  the  press-extruded  material, 
and  Figure  24  for  the  Qynapak -extruded  material.  Figure  23  shows  that  only  small 
changes  occur  In  the  press -extruded  material  when  heat  treated  for  one  hour  at 
290^F.  By  comparing  Figure  23  with  Figure  19,  slight  change  in  the  material  ex- 
trvded  from  2700°F  can  be  seen  in  the  form  of  larger  cold  worked  grains,  but  no 
significant  change  Is  evident  in  the  material  extruded  from  SSOO^F. 

Qie  mlcroatrufitures  shown  in  Figure  24  reveal  that  material  pynapak -extruded 
from  2700^  will  eoopletely  recryatalllze  when  heat  treated  for  one  hour  at  29000F. 
When  eonparing  Figure  24  with  Figure  21,  it  can  be  seen  that  little  change  occurred 
in  the  material  extruded  from  2950^  and  only  a  slight  enlargement'  of  the  grains 
in  the  material  extruSed  from  3500^. 

Figure  25  shews  the  change  in  hardness  that  takes  place  aa  a  result  of  anneal¬ 
ing  treatments.  Ib  most  cases  the  hardness  decreased  after  annealing,  but  only  the 
material  Siynapak-extruded  from  2700^  showed  a  sharp  drop  near  the  annealing  temp¬ 
erature  of  BpOO^’F,  and  this  was  the  result  of  the  complete  recrystall laatlon  dis¬ 
cussed  pr^loualy. 


DISCUSSION 

Three  significant  criteria  can  be  used  to  compare  high-velocity  extrusions 
with  press  extrusions.  These  criteria  are:  surface  and  dimensions,  as-extruded 
mlerostruoture,  and  recrystall laatlon  behavior. 

The  surface  of  the  extrusions  was  the  first  most  obvious  difference.  While 
the  surfaces  of  the  Oyaapak  extrusions  were  fairly  smooth  an^  crack-free,  the  sur¬ 
faces  of  the  press  extrusions  were  rough,  were  covered  with  die  material,  and  had 
transverse  tears  along  the  length.  This  large  a  difference  in  surface  quality  is 
not  believed  to  be  Inherent  in  the  prooesees  themselves,  but  instead  Is  due  to  a 
combination  of  Inadequate  die  preparation  and  lubrlcatlig  technique,  and  the  longer 
time  of  contact  between  hot  meteJ.  and  tooling  during  the  conventional  extrusion 
process.  As  a  result,  the  extrusion-press  dies  washed  badly  and  produced  extrusions 
with  poor  eurfaces.  In  the  Dynapak  process,  this  contact  time  Is  shorter  and, 
although  the  die  preparation  and  lubricating  techniques  were  the  same  as  for  conven¬ 
tional  extrusions,  die  wash  was  less  and  the  extrusion  surfaces  were  better.  With 
optimum  die  preparation  and  lubricating  techniques  for  each  process,  the  difference 
in  surface  quality  and  dimensions  should  be  minimized. 

A  cooparieon  of  the  as -extruded  mleroetructure  Indicates  that  lower  hot  work- 
ijig  temperatures  can  be  used  for  Dynapak  extruding  than  for  conventional  press  ex¬ 
truding.  ^la  fact  is  explained  by  two  differences  In  the  processes;  one,  the 
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working  rate  aadi  tvo,  the  actual  temperatvare  of  the  billet  during  the  extrusion 
operationt  In  the  first  case,  the  working  rate  of  the  hl^-veloolty  process  can 
not  only  raise  the  teiQperature  during  extrusion,  but  can  produce  sufficient  work 
of  hifljh  enough  stress  (at  a  tine  when  the  teoperature  is  still  sufficiently  hi{^) 
to  cause  reorystalliaation.  Die  actual  teqperature  of  the  billet  during  extrusion 
is  a  function  of  the  furnace  temperature,  the  transfer  tine,  and  the  heat  loss 
during  the  operation.  Ihe  first  two  variables  were  kept  substantially  the  sane. 

Ihe  third  variable,  however,  is  quite  different  in  the  two  processes.  Dbe  large 
mass  of  the  press  container  and  the  relatively  long  tine  for  the  extruding  operation 
lowers  the  billet  tenperature  and  thus  prevents  reerystallisation  of  the  worked 
naterlal. 

A  comparison  of  the  reorystallisatlon  behavior  of  the  extruded  naterlal  in> 
dicates  that  the  Oynapak-extruded  bars  receive  a  higher  degree  of  stress  do 
the  press -extruded  bars.  This  is  evidenced  by  the  fact  that  when  extrusions  are 
cold  worked  fron  the  sane  temperature  on  each  machine,  the  OynapsUt-extrudLed  material 
has  the  lowest  recrystalllzatlon  tenperature.  One  would  expect  this  higher  state 
of  stress  to  substantially  increase  the  hardness  and  tensile  properties.  However, 
this  was  not  the  case.  A  second  explanation  for  the  difference  la  recrystalllsatlon 
behavior  is  the  difference  in  cooling  rate  between  extrusions  from  each  process. 

In  the  Qynapak  process,  where  the  extrusion  was  not  completed,  the  extruded  bar 
hung  in  the  die  and  was  air  cooled  and  partially  cooled  by  the  tooling.  In  the  ex¬ 
trusion  press  process,  the  completely  extruded  bar  was  inmedlately  placed  into  an 
insulating  naterlal,  e.g.,  fuller's  earth,  and  allowed  to  cool  slowly.  Dxis,  of 
course,  provided  partial  stress  relief.  As  a  result,  a  higher  temperature  is  need¬ 
ed  for  recrystalllzation  for  the  press  extrusions. 

One  other  comparison  oem  be  made  for  the  lengths  of  the  extruded  bars.  Ibe 
extrusion  press  extruded  the  full  lengths  of  billets  used  in  this  program  and  could 
extrude  even  longer  billets.  Dw  Dynapak,  however,  did  not  completely  extrude  any 
of  the  billets  and,  although  the  correct  combination  of  fire  pressure,  billet 
length,  and  temperature  could  be  determined  to  coiqpletely  extrude  a  billet,  there 
is  a  definite  limit  to  the  volume  of  material  >diioh  can  be  extruded  on  the  Dynapak 
as  there  is  for  adl  extrusion  nachines. 


PEASE  u  Txmafm  allox  extoibiohs 

RBSUUIB 


Base  Information  Extrusion 


As  for  the  molybdenum  extrusions  in  Xhue  1,  this  pcurt  of  Phase  11  was  db- 
slgoed  to  establish  three  ten^eratures  which  would  produce,  respectively,  100^ 
hot  work,  100^  cold  work,  and  a  structure  containing  approximately  recry- 
stalllsatlon.  dbe  evaluation  of  these  base  Infomation  extrusions  was  United, 
therefore,  to  surface  quality,  dimensions,  and  nicrostructure . 

Die  surface  of  the  extrusions  can  be  seen  in  the  photographs  in  Figures  26  and 
27>  Die  three  extrusions  from  3900°P,  sUhO^F,  and  3200^F  had  very  smooth  surfaces 
containing  very  shallow,  if  any,  longitudinal  strlations.  Die  three  extrusions 
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from  3000°?,  2800°F>  and  2600<>F  had  sooevbat  rou^r  surfaces  and  the  longitudinal 
strlatlona  were  more  pronounced.  All  the  extrusions  had  nose  bursts  which  appeared 
to  become  worse  as  the  extrusion  temperature  was  lowered.  Hone  of  the  extrusions 
contained  any  transverse  cracks  and  only  bar  KC  1091  B  contained  a  longitudinal 
crack  which  propagated  an  appreciable  distance.  Bars  KC  1091  B  and  KC  1092  A  brdke 
while  being  removed  from  the  die. 

nw  variations  in  dimensions  are  presented  in  Table  14.  in  most  eases  the  bar 
diameter  varied  only  0.004  to  0.006  inch  from  the  nose  end  to  the  tall  end.  m  one 
cassj  bar  KC  1092  k,  the  tall  end  was  0.019  laeh  larger.  This  resulted  from  the 
low  temperature  extrusion  abrading  the  oxide  coating^  thereby  enlarging  the  die 
bore  size.  The  lengths  and  volumes  increased  with  increasing  temperature  as  did 
the  parameter  volume  per  1000  foot-pounds.  These  parameter  values  are  higher  than 
would  be  expected  from  examining  data  of  Kllns(3)  who  reported  a  value  of  0.093 
cubic  inch  per  1000  foot-pounds  for  arc -cast  unalloyed  tungsten  Cynapak«extruded 
from  3900OF  at  a  reduction  ratio  of  4:1.  The  higher  value  reported  here  might  well 
be  explained  by  differences  in  die  preparation  and  lubrication  techniques  or  by 
metallurgical  differences  in  the  as-cast  structure.  IDie  fact  that  this  material  is 
alloyed  would  lead  one  to  expect  a  lower  value  because  of  its  greater  resistance 
to  deformation. 

Ehotomlorographs  of  the  six  base  information  Oynapak  extrusions  are  shown  in 
Figure  26.  Die  microstruotures  of  the  bars  extruded  from  3900OF,  3440OF4  and 
3200°F  revealed  a  completely  recxystallieed  structure  of  fine  equlaxed  grains  and 
3400°F  was  chosen  as  the  hot  working  tenoerature.  The  mlcrostruetures  of  the  bare 
extruded  from  2QOCPF  and  2600^  both  showed  a  completely  odd  worked  structure 
throughout  the  cross-section  of  the  bar«  axid  28OOOF  was  chosen  as  the  cold  working 
tenperature .  Bar  KB  1091  k,  extruded  from  3000°F,  contained  10^  to  40)l  recry- 
Btallized  grains  and  300C1PF  waSf  therefore »  too  low  for  the  intermediate  range. 

On  the  basis  of  this  miorostruoture  and  that  of  the  bar  extruded  from  3200°?,  3100^’F 
was  chosen  as  the  Intermediate  extrusion  temperature. 

Program  Extrusions 

Surface  gvaluation 


Photographs  of  the  seven  press  extrusions  and  six  Dynapak  extrusions  can  be 
seen  in  Figures  29  through  3^>  ^  smooth  surfaces  of  the  press  extrusions  are 
readily  apparent  and  are  the  result  of  using  ceramic -coated  dies.  All  of  the  press 
extrusions  had  small  nose  bursts  and  a  deep  pipe  at  the  tail  end,  but  none  bad  any 
transverse  tears  or  cracks.  They  bad,  however,  some  longitudinal  cracks  in  the  tail 
end  which  became  lees  severe  as  the  extrusion  temperature  was  raised.  Aside  from 
the  nose  bursts  and  cracks,  there  was  no  obvioue  difference  in  the  surface  appear- 
cmee  of  the  extrusions  as  a  result  of  extruding  from  different  temperatures. 

In  contrast  with  the  molybdenum  program,  the  Dynapak -extruded  tungsten  bems 
had  a  poorer  surface  than  the  press-extruded  bare.  All  the  bars  contained  long¬ 
itudinal  etrlations  and  all  bad  nose  bursts,  nie  severity  of  the  noee  burets  of 
the  bars  does  not  appear  to  have  any  relationship  to  the  extruding  temperature. 

There  was  no  pipe  in  any  of  the  extrusions  since  none  of  the  billets  were  complete¬ 
ly  extruded,  nor  does  the  surface  quality  change  appreciably  with  extrusion  temp¬ 
erature. 
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ULtrasonic  tests  were  made  on  both  the  press  and  Qynapak  extrusions.  OSm 
extent  of  the  pipe  and  nose  bursts  in  the  press  extrusions  was  readily  detected  and 
these  areas  were  removed.  Small  Indications  were  revealed  in  bar  KC  mi  A  approx¬ 
imately  l/U  inch  in  from  the  surface  which  were  removed  in  subsequent  machining  of 
tensile  specimens.  Bar  KC  1109  B  contained  a  crack  extending  eleven  inches  from 
the  tail  end.  Ais  crack  was  in  the  center  of  the  bar  and  was  removed  when  the  bar 
was  longitudinally  halved  for  tensile  specimens.  Qie  extent  of  the  nose  bursts  in 
the  Dynapak  extrusion  was  readily  detected  and  these  areas  were  removed.  Only  two 
Synapak -extruded  bars  had  any  indication  of  defects.  Ohese  defects  were  very  close 
to  the  bar  surface  and|  therefore^  presented  no  problem. 

Dimensions 


She  variations  in  dimensions  of  the  Dynapak-  and  press -extruded  bars  euid  the 
required  extrusion  energies  are  ehown«  respectively,  in  Sables  l4  and  1$.  !B>e 
diameters  of  the  Dynapak-extruded  bso's  were  quite  uniform  on  four  of  the  bars, 
varying  only  0.002  to  0.009  inch  over  length.  In  two  of  the  bars,  hcwever,  the 
dlaaeter  varied  over  0.010  inch  over  the  length,  me  diameters  of  the  press-ex¬ 
truded  bars  were  likewise  quite  uniform,  varying  0.009  lACh  or  less  along  the 
length.  Only  one  bar,  KC  1111  B,  had  a  difference  of  0.0l4  inch  between  the  nose 
end  and  tall  end.  The  uniformity  of  the  tungsten  press  extrusions,  in  contrast  to 
the  molybdenum  extrusiotts,  was  due  mainly  to  the  ceramie  coating  used  on  the  dies. 

K  values  for  the  Bynapak  and  press  extrusions  are  shown  in  Tables  l4  and  19 
and  were  calculated  in  the  same  way  as  for  the  moiybdeauffl  extrusions.  Oa  the 
average,  the  K  values  for  the  press  extrusions  varied  with  temperature  as  anticipa¬ 
ted,  and  are  similar  to  those  reported  in  the  literatures'^),  although  somewhat 
lower.  K  values  for  the  Dynapak  extrusions  also  decreased,  as  expected,  with  In¬ 
creasing  tenperature.  Little  or  no  data  exist  with  which  to  eoopare  those  values. 
Figure  39  more  clearly  shows  the  relationship  between  K  values  and  the  extrusion 
tenperaturs,  and  the  difference  in  K  values  for  the  Dynapak  and  extrusion  processes. 
In  contrast  to  the  molybdenum  curves,  the  relationship  of  the  logarithm  of  the  K 
values  to  the  reciprocal  of  the  teoperature  ia  not  linear.  This  suggests  that 
slople  relationship  between  K  and  absolute  temperature  does  not  apply  here  cmd 
that  other  forces,  e.g.,  frictional  forces,  are  affecting  the  extrusion  pressure. 
Rote  also  the  high  K  value,  91,200  psi,  for  billet  1086  B  for  which  the  transfer 
time  from  furnace  to  press  was  20  seconds. 

The  lengths  of  the  Dynapak  extrusions  were  silently  shorter  than  expected  from 
the  base  Infonaatlcn  rune  and  la  not  understood  at  this  time.  As  a  result,  the 
paraamter  volums  per  1000  foot-pounds  was  edso  lower  than  would  be  expected.  This 
parameter,  however,  was  still  in  line  with  Kllne'8(3}^data. 

TSie  extrusion  press  dies  and  Dynapak  dies  are  shown,  respectively,  in  Figures 
36  and  37*  Figure  3^  shows  the  fairly  smooth  ceramic  coating  remaining  on  the 
press  dies  with  only  a  few  areas  "flaked"  out.  The  Dynapak  dies,  however,  had 
large  areas  of  ceramic  coating  removed  which  made  it  difficult  to  obtain  die  bore 
dimensions  after  extruding.  Table  16  lists  the  changes  in  the  die  bore  diameter 
as  a  result  of  press  extruding. 
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Chemiatry 

Ibe  results  of  the  oxygen  and  nitrogen  analyses  taken  fxem  the  nose  anl  tall 
ends  of  the  extrusions  are  shown  In  Tables  17  and  I8.  No  significant  difference 
was  observed  between  the  Ingots  and  the  extruded  bars  or  between  the  press -extruded 
and  Qynapek -extruded  bars.  No  special  significance  can  be  placed  on  the  small 
differences  shown  in  the  tables  becausei  althou^  the  precision  is  good  (see  foot¬ 
note  1,  Table  1)«  the  accuracy  of  the  analyses  at  these  low  levels  has  not  been 
established  I 

Hardness 

Ihe  results  of  the  hardness  determinations  for  the  Qynapak  and  press  extrusions 
are  shown  in  iSibles  I7  and  I8.  Standard  steel  hardness  conversion  tables  weie  used 
where  neceasary  to  convert  from  the  scale  used  to  the  DPH  number.  There  does  not 
appear  to  be  any  relationship  between  the  as-extruded  hardness  and  the  extrusion 
teoperature  for  either  the  Qynapak  extrusions  or  the  press  extrusions,  nor  does  the 
edge  hardness  appear  to  be  oonslstently  hl^r  or  lower  than  the  center.  On  the 
average,  the  Dynapak  extrusions  appear  harder  than  the  press  extrusions.  Ihexv 
does  appear  to  be  some  evidence  that  the  hardness  of  the  center  of  the  press-extru¬ 
ded  bar  lengths  Is  lower  than  either  end.  Ho  hardness  readings  were  obtained  at 
the  center  of  the  Dynapsk^xtruded  bars  because  they  were  too  short. 

Tensile  Properties 

Ihe  room  temperature  tensile  test  data  for  the  as-extruded  material.  Tables 
19  and  SO,  indicate  a  hlglier  strength  for  the  press -extruded  bars  than  for  the 
l^napak-extruded  bars  extruded  from  the  same  temperature.  The  limited  data  and 
large  spread  in  values  preclude  a  significant  comparison.  Ohe  room  temperature 
data  for  the  annealed  material  do  not  have  such  a  wide  spread  in  values  and  indicate 
a  hi^r  strength  for  the  Dynapak -extruded  bars.  In  contrast  to  the  tensile  tests 
on  molybdenum,  annealing  this  tungsten  alloy  reduces  the  room  temperature  tensile 
strength  and  does  not  Increase  the  ductility.  This  is  caused  by  the  complete  re- 
crystcdllzatlon  of  all  the  extrusions  idien  annealed  at  3000OF  (see  below). 

lbs  3000°F  tensile  test  results  reveal  little  significant  difference  between 
the  Dynapak-extruded  bars  an!  the  press -extruded  bars  extruded  from  the  same  temp¬ 
erature.  Ultimate  tensile  strengths  in,;(pte  nelf^borhood  of  Uo,000  pal  compare 
favorably  with  data  of  McKlnsey,  et  al\°/  who  reported  a  value  of  42,500  psl  for 
as -extruded  material.  A  tensile  strength  of  51,000  psi  for  the  material  press - 
extruded  from  2600^  can  not  be  explained  at  this  time. 

The  change  in  30OO0F  tensile  strength  with  hardness  is  shown  in  Figure  38  ^Ich 
also  shows  the  increase  In  tensile  strength  with  decreasing  extrusion  temperature. 

Mlcrostructure 


Photomicrographs  taken  at  the  center  of  the  cross -section  of  the  seven  press 
extrusions  and  six  Dynapak  extrusions  are  shown,  respectively,  in  Figures  39  and  4l. 
It  is  seen  from  Figure  39  that  the  three  chosen  extrusion  temperatures  did  not 
produce,  in  the  press  extrusion,  the  three  desired  types  of  mlcrostructure. 
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CooBiden'bly  nore  eold  work  appears  in  the  bars  extruded  from  3100°F  and  SitOO^F 
than  would  he  indloated  hy  the  base  information  Qynapak  extrusion. 

nie  photomiorogra^  of  the  Oiynapsk  extrusions  in  Flgwe  kl,  however,  do 
have  the  desired  struotures.  Material  extruded  from  3400^  consists  of  eooqpletely 
xecrystalllsed,  fine  eq.ulaxed  grains.  Material  extruded  from  zQocPf  consists  of 
coevletely  cold  worked  grains,  end  the  bars  extruded  from  3100^  contain  approx¬ 
imately  equal  amounts  of  chid  worked  and  reerystalllsed  grains . 

Figure  Uo  shows  five  photomicrographs  of  press -extruded  material.  Picture  A 
shows  the  center  section  of  the  second  tungsten  bar  extruded  from  34oo‘^F  following 
rapid  transfer  from  fumaoe  to  press,  and  shows  a  greater  degree  of  recrystalliza- 
tion  than  does  bar  KB  1086  B  for  which  the  transfer  time  was  20  seconds  (see  Figure 
39)>  Riotograph  B  shows  the  same  bar,  but  an  area  near  the  surface.  There  can  be 
seen  a  greater  degree  of  cold  work  ai^  fine  reorystalllsed  grains.  Photos  C  and  D 
are  the  nose  end  and  tail  end,  respectively,  of  bar  1111  AS.  A  ooiqparison  of  these 
two  with  the  same  bar  in  Figure  39  reveals  no  reorystallisation  at  the  nose  end  and 
approxlsHtely  the  sane  degree  of  reerystallixation  at  the  tail  end  as  in  the  center. 
Photograph  B  at  50QX  shows  more  clearly  the  recxystallixatlon  that  took  place  in 
bar  KB  1110  B  Vhleh  was  extruded  from  3100^. 

Figure  kg  shows  four  ^tosderographs  of  Dynapak-extruded  bars .  A  comparison 
of  these  photographs  and  those  of  Figure  4l  suggests  a  higher  degree  of  woriting 
at  the  surface  of  the  bars  and  the  effeot  of  heat  loss  at  the  nose  end  of  the 
extrusions.  Bote  the  banded  structure  in  photograph  C. 

Table  21  sumsarises  the  results  of  the  evaluation  of  the  mlerostruoture  and 
shows  the  greater  amount  of  reerystallixation  that  occurred  as  a  result  of  Qynapak 
extruding. 

BecryetaHixation  Behavior 

All  the  speclrnsns  from  the  press -extruded  and  lynapsk-extruded  bars  vers  heat 
trsated  for  cos  hour  at  27DOOF,  2830^,  3000^,  3130^,  or  33CX}^.  Bach  of  these 
were  examined  for  elcxostructure  and  hardness.  Figures  43  and  44  show  the  most 
signlf  leant  results  for  the  press -extruded  and  oynspsk-extrpded  bars,  respectively. 
Photomicrograph  A  in  Figure  43  shows  that  esseatially  no  reorystallisation  tobk 
place  in  the  bar  preas -extruded  from  2800^F  and  annealed  at  2700^.  At  2830^, 
however,  a  bar  extruded  from  2800^  beoams  oospletely  reorystallleed.  Ibterlal 
extruded  from  3400^  eoepletely  leerystalllBed  at  SOOB^f,  but  not  ooiq?leteIy  at 
2850®F. 

The  photomicrographs  of  the  annealed  Dynapak  extrusions,  in  Figure  44,  in¬ 
dicate  that  material  extruded  from  28CX)^  beeasm  lapproxioately  3oj(  reerystalllzed 
when  annealed  at  2700°F  (photograph  A)  and  100^  mcrystallised  when  annealed  at 
2830^.  Ifeterlal  extruded  from  3100<’F  was  approxiomtely  recxystallised  when 
annealed  at  2830°F.  Annealing  material  Dynapak-ektruded  from  3400°F  merely  tended 
to  enlarge  the  grain  site.  Cooper  the  grain  size  in  photographs  D  and  B  with 
those  in  Figure  4l. 

<ng  either  the  press  extrusions  or  the  Bynapak  extrusions  at  3^30°F  and 
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3300^  effeotel  oooplete  rearystallisattoa. 

A  plot  of  basrdJMBS  vb  anntmllng  teopBxatureB  1b  shown  In  Figure  43.  Althou^ 
there  Is  a  general  sreduotlon  In  hartaesB  as  a  result  of  aanealtngi  there  appears 
to  he  no  discrete  Oeorease  In  hardness  with  increases  In  anneall^  teiqperature. 
Since  the  speotnens  for  this  work  were  taken  fron  Identical  locations  In  the  ex¬ 
trusions  j  it  would  appear  that  the  fluotuatlona  in  hardness  reflect  ingot-to-lngot 
variations. 


OiaCUSSIGH 

Siere  are  two  distinct  differences  between  the  high  energjr  rate  process  and 
the  conventional  extrusion  process.  One,  of  course;  is  the  rate  of  natal  working. 
Die  high  netal  variclng  rate  of  the  Dyxtap^  allows  less  tine  for  heat  transfer  to 
the  tools,  increases  the  netal  tenpexature,  and  appears  to  Inpose  a  hl^r  internal 
stress  In  the  naterlal.  Om  second  difference  is  the  cooling  rate  of  the  extrusicn. 
m  the  conventional  process,  the  tungsten  extrusions  are  renoved  from  the  run-out 
table  and  ianedlately  placed  Into  a  trou^  of  insulating  saterial  (vermiculite, 
fuller's  earth,  etc.).  In  the  Dynapsk  process,  the  extrusion  is  air  cooled  because 
It  hangs  in  the  die  (In  this  work)  and  part  of  it  remains  In  contact  with  the  die. 
Ibla  difference  in  cooling  rate  allows  differences  In  stress  relief  and,  therefore, 
differences  in  the  state  of  residual  stress. 

Hone  of  the  above  differences  appear  to  affect  the  surface  of  the  extrusions 
when  proper  lubrication  teohnioiues  are  used.  In  contrast  to  the  molybdenum  extru¬ 
sions,  there  was  little  difference  between  the  surface  of  the  tungsten  Synapsk  and 
press  extrusions.  !Ehla  similarity  was  due  primarily  to  the  ceramic  coating  used 
on  the  dies.  This  ceramic  coating  acted  as  a  heat  barrier  and,  in  oonjunotion  with 
the  graphite  on  the  die  and  .glass  on  the  billet,  provided  sufficient  lubrication 
for  both  processes .  fhis  suggests  that  equally  good  surfaces  can  be  obtained  by 
both  processes  when  the  best  lubrication  techniques  are  used.  Lubrication  tech¬ 
niques  also  affect  dimensional  variations  and  it  appears  that  equally  good  dimen- 
.sional  tolerances  can  be  obtained. by  both  processes. 

Obe  metal  working  rate  and  extrusiox  cooling  rate  significantly  affect  the 
hardness,  mlcrostrueture ,  recrystall  isation  behavior,  and  tensile  properties  of 
the  tungsten  extrusions.  For  equal  extrusion  teqperatures,  if  the  extrusions  from 
both  processes  have  a  cold  worked  structure,  the  Dynapak  extrusions  will  be  harder, 
stronger,  and  will  reorystalliee  at  a  lower  temperature.  For  slightly  higher  ex¬ 
trusion  temperatures,  again  both  being  equal,  the  Dynapak  extrusions  will  be  re- 
crystallized,  but  in  this  ease  the  conventional  extrusions  will  be  harder  and 
stronger. 


!Ebe  results  of  this  work  suggest  that  the  terminology  "cold  work"  must  be 
further  defined  when  discuss ing  metal  working  operations  at  elevated  temperatures. 
Both  the  temperatures  of  the  operation  and  the  rate  of  metal  working  affect  the 
state  of  residual  stress  and  the  subsequent  metallurgical  behavior  and  should 
therefore  be  stated.  Qie  data  also  suggest  the  existence  of  a  powerful  tool  for 
controlling  the  hardness  level,  recrystalllzatlon  behavior,  and,  therefore,  the 
elevated  temperature  strength  of  refractory  materials. 
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GBDBRAL  O0IRLU810HS 


1.  At  Iftut  twelve  oublo  taohes  of  thrM-lnch  dlanater  aro-oaat  Mo-2^-0.1Zr  or 
W-0.6C1)  alley  blUata  oaa  bo  oxtrudeA  at  a  4:1  redtwtlon  ratio  In  ttao  oold 
voxkod  oonAltion  on  a  Model  iBlO  Oympak  aaohliM*  IhlB  voluao  can  be  raised 
to  over  twenty  oublo  Inotaee  tf  bl^r  ertruslon  tenperaturea  are  uaed. 

2>  The  hl^-YBlool-^  prooeae  and  tbe  oonventlonal  extrusion  prooeas  oaa  produoe 
equally  good  suxfaoos  on  extrusions  lAen  proper  die  preparation,  die  ooatlag, 
anl  lubrloatlon  teohnlquea  axe  used. 

3.  Hm  extrusion  tesperature  required  to  break  up  tbe  aa-oast  grain  struotuie 
Into  fuUjr  reoryetaUlaed  eaterlal  la  lower  for  tbe  hlidi^.^loeity  prooess 
than  for  tbe  eonventional  extrusion  proosas. 

4.  In  tbs  oold  working  tei^perature  range,  the  blgb-^veloolty  prooeas  produoes 
harder  and  atrongar  sxtruslona  than  does  tbs  oooventlonal  extrusion  prooeas. 

5.  9be  reomstalllaatlon  teaperatuxes  for  hl|di-veloolty>«xtruded  naterlal  are 
lower  vbka.  those  for  oonventlonally  extruded  Material. 


RKOMOnATZOHS 

1.  On  extrusion  billets  for  this  work  were  all  of  as*oast  onterlal.  Slnoe  the 
hi^<<feloolty  prooess  can  serve  as  a  seoondary  working  prooess  as  welX  as  a 
prleaxy  prooess,  tbe  effeot  of  this  prooess  on  as-forged  or  extruded  naterlal 
should  be  Investigated. 

2.  A  slgnlfloant  dlfferenoe  In  sUbstruoture  any  result  froa  variations  in  tbe 
rate  of  netal  working,  and  any  be  deteoted  by  a  nore  orltleal  exaelaatlon 
of  tbe  nlorostrueture  at  bl^  nsgnlfleatloos. 
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FIOntE  5  -  teiMral  Viwi  of  Nodtl  1810  Dynapak  Machine  Shiwing 
Proilaity  of  Billot  Motor  Femaco 


Code: 

A«  Loogttudlnal  alcrographle  saople. 

B*  02  and  N2  B&b  saniple8< 

C>  Tensile  BpeclmnBi 

D.  Longitudinal  nlerographlc  Baag>le,  micro  hardness  saqple,  Rookwell  B 
hardness,  and  two  reorystalllaatlon  saogples. 

B.  Reorystaillzatlon  sanoles. 

F.  (Press)  Tensiles. 

F.  iBynap^)  O2  and  K2  gss  saqples. 

0.  OS  and  RS  gas  aaqples. 

H.  Longitudinal  mlcrographie  sample. 


FIGURE  6  •  Ssapllnt  Technique  Ueed  for  the  High  Speed  Preet  end  Dynepeh  Entruelone 
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FIQUKE  8  -  Bate  Inforettlon  Dynepak  Extrtaiont  In  the  As-Extruded  Condition 
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FIGURE  10  -  High  SgMd  Fr«M  Extruded  Bart.  Ae  Extruded  frox  27bO°F 
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FIGURE  II  -  Hioli  Speed  Frees  Extruded  Bert.  Ae  Extruded  free  2960°F 


32 


FIQURE  14  -  Dynapak  Extruded  Bars.  As  Extruded  from  EBBC^F 


8072-4 


FIGURE  IS  -  Dynapak  Extruded  Barai  As  Extruded  froii  3500°F 
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FtfiURE  17  -  High  Spsed  f'ress  Extrusion  Dies  After  one  Extrusion  of  the 
Billets  Indiceted 
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HARDNESS. DPH  (30  Ko  Load) 
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FIWRE  aa  -  LonBltiidln.l  MUroawh*  (JMX)  of  Dynopak  E*trudod  Molybdotiu. 

AMoy  Bar* 

A.  Area  Bear  Surface  of  Extruaion  froe  a9B0“F 

B.  Area  Bear  Surface  of  Extruaion  free  3600“F 
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FIGURE  23-  Longitudinal  Micrographs  (lOOX)  and  Extruding  Temperatures  of  High 
Speed  Press  Extruded  Molybdenum  Alloy  Bars  Heat  Treated  for  I  Hour  at  2900°F 
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FIOURE  2<l  -  Longitudinal  Nicrographa  (lOOX)  and  Extruding  Tenperaturea  of 
Dynapak  Extruded  Nolybdenue  Alloy  Bara  Heat  Treated  for  I  Hour  at  2900'’F 


KCI08SB 

8200°F 


KCI08« 

3«00"F 


28  -  B««e  Infonittlon  Oyn«p»k  €xtni4Bd  TungBten  Atloyt  Bars.  A>  Extruded 
free  the  Indicated  Tueperatureu 
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FIGURE  27  -  Base  Inforaatlon  Dynapak  Extruded  Tungsten  Alloy  Bars 
As  Estruded  fron  the  Indicsted  Temperatures 
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FiaURE  28  -  LongttudlnH  Micrograph*  (lOOX)  and  Extruding  -roopertturoi  of 
B**o-lnfor«ntlon  Oynapnh  Extruded  Tungtton  Elloy  Btr* 
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FI6URE  29  -  High  Speed  Press  Extruded  Tungsten  Alloy  Bars. 
As  Extruded  fron  2800°F 
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FI6URE  30  -  High  Speed  Prete  Extruded  Tungsten  Alloy  Bern. 

Ae  Extruded  from  3I00°F 
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FIQURE  31  -  High  Speed  Preee  Extruded  Tungeten  Alloy  Bare. 
Ae  Extruded  from  3400°F 


50 


5 


FIGURE  35  -  E*tm«lon  Constant  (R)  v»  Twnpnmtura  for  the  Dynnpak  t  High  Speed 
Pre9»  Extrnslone  of  the  Tungsten  —  >6  Cb  Alloy 


FIBURE  87  -  Oyii«p«k  E*trii*lon  Diet  after  One  Extruelon  ef  the  Tungsten 
kiloy  Billets  Indiested 
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FIQURE  39  *  Longitudinal  Hicrographt  (lOOX)  and  Extruding  Taaparaturoa  of  High 
Spaad  Praat  Extrudad  Tungatan  Alloy  Bars 
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k  -  Ar«t  Mar  Surfac*  of  Bar  Eitrudad  froa  8I00”F 
B  -  Bose  End  at  Cantor  of  Croat  Soction  of  Bar  Extrudod  froa  BIOO^F 
C  -  Area  Near  Surface  of  Bar  Extruded  froa  BHOO^F 
D  -  Note  End  at  Center  of  Crota  Section  of  Bar  Extruded  froa  BBOO^F 
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